Introduction {#s1}
============

As cells move forward they make use of integrins to create the adhesions that allow migration to proceed. A migrating cell needs to attach at the front to move the leading edge membrane forward, then release at the rear and re-establish its adhesions ([@b37]). Immune cells are the most dynamic cells in the body in terms of motility having the ability to migrate rapidly on the luminal walls of blood vessels as well as in extra-vascular tissues ([@b20]). By using the β2 integrin LFA-1 (CD11a/CD18; αLβ~2~) to attach to intercellular adhesion molecule-1 (ICAM-1)-expressing surfaces, the cells are able to migrate both randomly as well as in a directed fashion towards chemoattractants ([@b8]).

An integrin such as LFA-1 has three basic conformations reflecting increasing affinity for binding ligand ICAM-1 that are characterized as bent, extended/closed and extended/open ([@b13]; [@b34]). These forms can be distinguished through the use of conformation-specific monoclonal antibodies. For example mAb KIM127 detects extended LFA-1 with the open form considered to bind ICAM-1 with higher affinity than the closed form. MAb 24 exclusively binds the extended/open high affinity conformation. In our previous work we found the extended/closed form of LFA-1 to be distributed chiefly at the leading edge of migrating T cells where there is dynamic adhesion turnover, whereas the extended/open form localized further back with highest concentration in the more firmly bound lamellar region ([@b9]; [@b33]; [@b35]).

There have been various ideas as to how turnover of LFA-1 adhesions on migrating T cells might occur. One possibility is of a regulated cycle of LFA-1 adhesion and de-adhesion, potentially aided by the protease calpain ([@b12]; [@b13]). Alternatively it is now well-established that other integrins undergo endocytosis and re-exposure on the plasma membrane, a process creating fresh attachments that allow migration to be ongoing ([@b4]; [@b18]; [@b25]). In support of the latter option, LFA-1 was found to be internalized in CHO cells and neutrophils ([@b11]; [@b10]).

The generation of active LFA-1 able to bind ICAM-1 requires delivery of the GTPase Rap1 to the cell membrane, a key element in the signaling originating from both chemokine receptors and the T cell receptor ([@b7]; [@b13]; [@b16]). Mechanistically Rap1 activity is dependent on the effector RAPL that transports the integrin to the leading edge of migrating T cells ([@b15]; [@b14]). There is increasing evidence that LFA-1 and Rap1 are components of intracellular vesicles that have the characteristics of recycling endosomes ([@b2]; [@b15]; [@b23]; [@b28]).

The functions of the Rap1 homologue, GTPase Rap2, have been less extensively investigated. Rap2 has a role in integrin-mediated adhesion and in migration of B cells ([@b21]). Similarly we found Rap2 to regulate LFA-1-mediated migration of T cells ([@b22]). In this study we have investigated the recycling of LFA-1 in T cells and find that this GTPase is involved in the turnover of LFA-1 that drives T cell migration.

Results {#s2}
=======

An association between LFA-1 recycling and T lymphocyte migration {#s2a}
-----------------------------------------------------------------

We investigated whether intracellular vesicle transport in the T cell is essential for LFA-1-mediated migration. Primaquine (PQ) is a lysosomotrophic amine that slows recycling by blocking membrane fusion of exocytic vesicles and has been used to assess a requirement for vesicular recycling in various T cell activities ([@b24]; [@b29]; [@b30]; [@b31]). Following 5 min pre-treatment with PQ, both the random migration and average speed of HSB2 T cells were normal at 40 µM, reduced by 40% at 100 µM and by 70% at 300 µM PQ with no impact on cell viability ([Fig. 1A](#f01){ref-type="fig"}). Thus prevention of docking of intracellular transport vesicles at the cell membrane reduced the ability of T cells to migrate.

![LFA-1 is internalized and re-expressed by T cells migrating on ICAM-1.\
(**A**) Speed of T lymphoblasts treated with increasing concentrations of primaquine (PQ) migrating on immobilized ICAM-1 showing cell trajectories tracked by video microscopy. Mean speed ± s.e.m. of three independent experiments (left) and the migratory tracks in a typical experiment (right) are shown; *n* = 20 cells per condition, \*\*\**P*\<0.001. (**B**) Western blots of immunoprecipitated internalized LFA-1 and DAF following biotinylation of T lymphoblast surface membranes followed by 30 min migration on ICAM-1: total cell lysate immunoprecipitated for LFA-1 and DAF (sample diluted 2×) and internalized protein ± 300 µM PQ revealed by removal of biotin from cell membrane receptors with glutathione. (**C**) Western blots comparing internalized LFA-1 in T lymphoblasts and HSB2 T cell line: total biotinylated LFA-1 (total lysate at 2× dilution) and similar amounts of internalized LFA-1 ± PQ. (**D**) Internalized T cell LFA-1 after 30 min on ICAM-1 in the presence of increasing amounts of PQ ± s.d. from *n* = 3 experiments. (**E**) Total biotinylated LFA-1 (total lysate at 2× dilution). Lanes 1 and 2: LFA-1 internalized after 30 min ± 300 µM PQ. LFA-1 re-exposure on the membrane following PQ washout is demonstrated by lack of intracellular LFA-1 in lane 3 (treated with glutathione to remove detection of membrane LFA-1) and lane 4 (no glutathione treatment allowing membrane and intracellular LFA-1 to be detected). Left: typical experiment. Right: mean ± s.d. of *n* = 3 experiments.](bio-01-11-1161-f01){#f01}

To investigate whether recycling of LFA-1 might be involved, we examined integrin internalization and re-exposure by biotinylating T cell membrane receptors and then allowing the cells to migrate on ICAM-1 in the presence of PQ. By subsequent removal of biotin from LFA-1 remaining on the cell membrane using glutathione, the LFA-1 that had become internalized could be assessed ([@b11]; [@b10]; [@b29]). This internalized LFA-1 was detected in cell lysates by anti-LFA-1 immunoprecipitation and anti-biotin blotting using conditions where all biotinylated LFA-1 was detected (data not shown). After 30 min of T lymphoblast adhesion to ICAM-1, a proportion of the LFA-1 was located intracellularly and this was increased in the presence of PQ ([Fig. 1B](#f01){ref-type="fig"}). To show that the internalization was selective, we compared LFA-1 with DAF, a glycophosphatidylinositol-linked lipid raft protein that is poorly endocytosed. Unlike LFA-1, little DAF was located intracellularly either with or without addition of PQ ([Fig. 1B](#f01){ref-type="fig"}). LFA-1 was endocytosed in an equivalent manner in T lymphoblasts and the T cell line HSB2 and retained in increased amounts at PQ concentrations that halted migration ([Fig. 1C](#f01){ref-type="fig"}). The amount of intracellular LFA-1 correlated closely with the level of PQ with which the T cells were treated, consistent with the ability of PQ to block re-exposure of LFA-1 on the surface membrane ([Fig. 1D](#f01){ref-type="fig"}).

An issue concerned the fate of the internalized LFA-1 and whether it was degraded or, alternatively, returned to the plasma membrane. We first allowed LFA-1 to internalize over 30 min ± PQ. In the PQ-treated samples where exocytosis was blocked, ∼15% of total LFA-1 accumulated inside the T cell over this time period with a much lower level when the endocytosis--exocytosis cycle was allowed to proceed normally ([Fig. 1E](#f01){ref-type="fig"}, lanes 1 and 2). To evaluate the fate of this internalized LFA-1, we concentrated on the T cells that had been pre-treated with PQ. The PQ was washed out and then the cells were incubated for 20 min before assessing the LFA-1 compartmentalization. The majority of the internalized LFA-1 left the intracellular compartment during this time period and re-appeared on the plasma membrane as glutathione sensitive LFA-1 ([Fig. 1E](#f01){ref-type="fig"}, lanes 3 and 4). Thus LFA-1 is not degraded when it is internalized, but is returned to the plasma membrane.

Rap2 regulates endocytosis of LFA-1 in T cells migrating on ICAM-1 {#s2b}
------------------------------------------------------------------

We previously demonstrated an essential role for the GTPase Rap2B in T cell migration as assessed by Rap2 siRNA knockdown and reconstitution with wild type Rap2B cDNA ([@b22]). We therefore wondered whether the GTPase might be affecting migration by influencing LFA-1 internalization. Treatment of HSB2 T cells with Rap2 siRNA for 72 h reduced expression of Rap2 to 45.4±11.5% of control T cells ([Fig. 2A](#f02){ref-type="fig"}). Rap2 knockdown had no effect on the level of the homologous GTPase Rap1 (data not shown; [@b22]). This reduced level of Rap2 was sufficient to inhibit the speed and randomness in direction of T cell migration by ∼35% and could be reversed by transfection with WT Rap2B as previously described ([Fig. 2B](#f02){ref-type="fig"}) ([@b22]).

![Rap2 regulates internalization of T cell LFA-1 during migration.\
(**A**) HSB2 T cells were either not electroporated as control WT or electroporated with control or Rap2 siRNAs. Western blots were probed for Rap2 after 72 h and α-tubulin as a loading sample control. Left: typical experiment showing Rap2 siRNA knockdown compared with non-electroporated (WT) or control siRNA-treated T cell controls. Right: quantification of siRNA knockdown compared with controls, mean ± s.d. of *n* = 5 experiments, \*\*\**P*\<0.001. (**B**) HSB2 T cells electroporated with control or Rap2 siRNAs migrating on ICAM-1 for 30 min. Left: mean speed ± s.d. of *n* = 3 experiments. Right: migratory tracks of individual cells; *n* = 40 cells per condition, \*\*\**P*\<0.001. (**C**) Biotinylated LFA-1 internalization + PQ in WT, control siRNA- and Rap2 siRNA-treated HSB2 T cells. LFA-1 internalization following Rap2 siRNA compared with controls, showing (left) Western blot of a typical experiment and (right) quantification of 3 experiments, mean ± s.d. \*\*\**P*\<0.001. (**D**) Using T cells treated as in C, total biotinylated LFA-1 in control and Rap2 siRNA-treated T cells is shown following PQ washout and a 20 min incubation. No glutathione treatment allows assessment of internal and re-exposed LFA-1; mean ± s.d. of 3 experiments, \*\*\**P*\<0.001. (**E**) Re-expression of LFA-1 in control and Rap2 siRNA-treated T cells following PQ washout and 20 min incubation. LFA-1 remaining inside the cells revealed following removal of glutathione sensitive membrane LFA-1; mean ± s.d. of 3 experiments, \*\*\**P*\<0.001.](bio-01-11-1161-f02){#f02}

We next investigated the level of internalized LFA-1 in Rap2 siRNA-treated T cells and found a consistent reduction to 47.5±11.2% of that found in control siRNA-treated T cells ([Fig. 2C](#f02){ref-type="fig"}). Thus the internalized LFA-1 correlated with the level of Rap2 knockdown. The next question was whether the LFA-1 internalized in the Rap2 siRNA-treated T cells was capable of being re-exposed at the membrane. To address this issue, we washed out the PQ from this same set of T cells and incubated them for 20 min to allow re-exposure on the cell membrane of previously internalized LFA-1. We then re-assessed the total amount of biotin-labeled LFA-1 in control and Rap2 siRNA-treated T cells including both intracellular and re-exposed populations ([Fig. 2D](#f02){ref-type="fig"}). The first point was that the proportions of total biotin-labeled LFA-1 recovered in each sample were identical to the quantities of LFA-1 internalized in [Fig. 2C](#f02){ref-type="fig"}, indicating that this initially endocytosed LFA-1 was not degraded ([Fig. 2D](#f02){ref-type="fig"}). Secondly following removal of glutathione-sensitive LFA-1 on the cell membrane, the proportion of intracellular LFA-1 remaining in the Rap2 siRNA-treated cells was observed to be increased compared with that in the control siRNA-treated cells ([Fig. 2E](#f02){ref-type="fig"}). Thus it was concluded that Rap2 siRNA-treated T cells were deficient in promoting subsequent membrane re-exposure of LFA-1, implying that Rap2 is a controlling factor not only in the endocytosis of LFA-1, but is also in recycling LFA-1 back to the membrane.

Rap2 is located in recycling vesicles {#s2c}
-------------------------------------

We next used confocal microscopy to determine the intracellular location of Rap2 and its relationship with markers of endosomal vesicles. Rap2 staining was punctate and chiefly concentrated in the juxta-nuclear region but with scattered labeling towards the leading edge ([Fig. 3A,B](#f03){ref-type="fig"}). In terms of vesicle markers, Rap2 co-localized with early endosomal protein, EEA-1, a key Rab5 effector protein ([@b5]) and with transferrin receptor that labels recycling vesicles ([Fig. 3A](#f03){ref-type="fig"}). To quantify overlap in expression between Rap2 with EEA1 and transferrin receptor respectively, we performed a pixel-by-pixel analysis to calculate Manders\' coefficient (Manders\' coefficient for Rap2/EEA1 = 61.90±0.08%; Rap2/transferring receptor = 66.33±0.11%; *n* = 5 cells each). Rap2 did not notably overlap with Rab11 that also marks a subset of endosomal vesicles (data not shown).

![Expression of Rap2, Rap1 and recycling vesicles in migrating T lymphoblasts.\
(**A**) Confocal microscopy images showing the co-distribution of Rap2 with intracellular vesicle markers EEA1 and transferrin receptor at the interface with ICAM-1. (**B**) Rap2 and Rap1 each co-localize with effector RAPL, but there is a lack of overlap between these two GTPases; insets show detail at leading edge. Arrows show direction of T cell migration. Scale bar = 5 µm.](bio-01-11-1161-f03){#f03}

The closely homologous GTPase, Rap1, is also found in intracellular vesicles in T cells ([@b2]; [@b15]; [@b23]; [@b28]). However, we observed little overlap in expression of Rap2 with Rap1, indicating that they must be chiefly present in separate intracellular compartments (Manders\' overlap coefficient for Rap2 with Rap1 was 24.3±0.06%; *n* = 5 cells) ([Fig. 3B](#f03){ref-type="fig"}). RAPL is a downstream effector of Rap1, necessary for intracellular transport of LFA-1 to the leading edge of T cells ([@b14]). In our previous study we found that RAPL bound Rap2 with greater stability than it bound Rap1, suggesting that it had a role in the functioning of both these GTPases ([@b22]). When viewed by confocal microscopy, both Rap2 and Rap1 were observed to co-localize with RAPL (Manders\' coefficient for Rap2/RAPL = 60.30±0.15%; Rap1/RAPL = 0.68±0.05%; *n* = 5 cells each) ([Fig. 3B](#f03){ref-type="fig"}). Thus Rap1 and Rap2 appear to be present on different endosomal vesicles with both subsets however co-expressing RAPL.

The effect of Rap2 knockdown on the conformation of internalized LFA-1 {#s2d}
----------------------------------------------------------------------

The major conformations of bent, extended and extended/high affinity LFA-1 can be distinguished through the use of mAbs that detect conformation-specific epitopes ([@b13]; [@b34]). To gain insight into the conformations of LFA-1 that might be recycled, we immunoprecipitated LFA-1 using pan-LFA-1 mAb 38, mAb KIM127 that detects both forms of extended LFA-1 and mAb 24 that recognizes only the extended/open (high affinity) conformation. T cells expressed 37.4±3.6% extended LFA-1 and 22.2±2.1% high affinity LFA-1 compared with total LFA-1 ([Fig. 4A](#f04){ref-type="fig"}). However, examination of internalized LFA-1 following removal of glutathione sensitive membrane LFA-1 revealed 17.9±1.9% extended LFA-1 and essentially no high affinity LFA-1 compared with the total LFA-1 ([Fig. 4B](#f04){ref-type="fig"}). Thus at least a proportion of the intracellular LFA-1 was in the extended, but apparently not high affinity (extended/open) conformation.

![Rap2 regulates internalization of the extended conformation of LFA-1.\
MAbs specific for pan-LFA-1 (38), high affinity (24) and extended (KIM127) LFA-1 used to immunoprecipitate (**A**) total LFA-1 and (**B**) internalized LFA-1 from T cells. (A,B) Left: typical western blot experiment. Right: mean ± s.d. of *n* = 4 experiments. (**C**) Internalization of extended but not high affinity conformations of LFA-1 are increased following Rap2 siRNA knockdown compared with control siRNA and WT treatment of T cells. Left: typical western blot experiment. Right: mean ± s.d. of *n* = 3 experiments. (**D**) Confocal microscopy image showing overlap of Rap2 and KIM127-expressing LFA-1 concentrated in the lamella with some lamellipodial distribution in the direction of T lymphoblast migration indicated by an arrow. Scale bar = 5 µm.](bio-01-11-1161-f04){#f04}

Following Rap2 siRNA knockdown, there was a two-fold increase in the amount of internalized, extended KIM127-expressing LFA-1 compared with control siRNA-treated and WT T cells, but there was no impact on the poorly internalized high affinity LFA-1 ([Fig. 4C](#f04){ref-type="fig"}). As a control we showed that the total cellular levels for each of extended and high affinity LFA-1 expressed by Rap2 knockdown, siRNA control and WT T cells were identical indicating that there was no loss of LFA-1 in the Rap2 knockdown samples due to intracellular degradation ([supplementary material Fig. S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20122824/-/DC1)). Therefore the difference in the amount of extended LFA-1 internalized by Rap2 siRNA-treated cells was a matter of compartmentalization and not caused by a difference in total LFA-1 expression level.

Finally we further confirmed the association between Rap2 and the extended conformation of LFA-1 using confocal microscopy by showing co-localization of KIM127-positive LFA-1 with Rap2 vesicles in T lymphoblasts (Manders\' coefficient for Rap2/KIM127 = 77.0±0.06%; *n* = 5 cells) ([Fig. 4D](#f04){ref-type="fig"}).

Discussion {#s3}
==========

Previously we showed that the GTPase Rap2B was a controlling factor in LFA-1-mediated migration of T cells, but we did not explore where it might be having its influence. In this study we demonstrate that recycling of LFA-1 is important for migration and it is this step that is regulated by the GTPase Rap2. There is increasing evidence that recycling of integrin is essential for the successful migration of leukocytes. For example, the presence of α5β1 ([@b18]; [@b27]) and LFA-1 ([@b11]) in recycling vesicles drives neutrophil migration.

LFA-1 is turned over on T cells through endocytosis and re-exposure without being degraded. This finding helps explain the stability of LFA-1 expression on leukocyte membrane that is maintained without extensive new synthesis ([@b6]). The internalization of LFA-1 over 30 min occurs whether the T cells are migrating on ICAM-1 or maintained in suspension (data not shown) indicating that the recycling may be constitutive. Similarly, LFA-1 recycling in neutrophils is considered to occur constitutively ([@b11]).

Rap2 immunostaining that co-localized with LFA-1 was punctate and concentrated in the juxta-nuclear region with some spread toward the leading edge, a pattern resembling that of endosomal vesicles. Association of Rap2 with recycling endosomes in COS-1 cells displays a similar staining pattern ([@b36]). Additionally Rap2 co-localized with EEA1, a downstream effector of Rab5 associated with early endosomal vesicles ([@b5]), in keeping with a role for Rap2 in LFA-1 internalization. Rap2 also co-localized with the transferrin receptor, similarly to other reports linking intracellular integrins to transferrin receptor-expressing recycling vesicles ([@b17]; [@b26]). Together the immunoprecipitation and immunostaining data indicated that recycling of at least a proportion of the T cell membrane LFA-1 was controlled by Rap2 expressed on endosomal vesicles associated with recycling.

There was, however, a lack of Rap2 immunostaining with its homologous GTPase, Rap1. This is of relevance because LFA-1 recycling has been associated with Rap1 that is found on vesicles expressing EEA1, Rab5 and Rab11, but not transferrin receptor ([@b15]) or, alternatively, on vesicles with limited overlap between EEA1 and Rab7 ([@b28]). Thus there must be heterogeneity in LFA-1-transporting vesicles with Rap2 characterizing one set and Rap1, a separate set. The implication is that each vesicle type is involved in a distinctive set of events contributing to LFA-1 recycling. Some evidence for this comes from previous findings where Rap1 was found to dominate in adhesive interactions, whereas Rap2 was restricted to migration of T cells ([@b22]). A more complete characterization is needed of the LFA-1 recycling mediated by Rap2 compared with Rap1.

It was unexpected that the extended conformation of LFA-1 was being recycled. However, other examples of the recycling of an active integrin conformation are those of α2β1 in MDA breast cancer cells, where an integrin activation epitope was also associated with transferrin receptor-expressing vesicles ([@b26]) and α5β1 in several cancer cell lines ([@b1]). We showed previously that the KIM127-expressing LFA-1 conformation was linked to α-actinin at the leading edge of the migrating T cell ([@b35]). As siRNA knockdown of α-actinin did not affect LFA-1 internalization (data not shown), the implication is that migrating T cells appear to be recycling active LFA-1 that is not only ligand unoccupied but disengaged from the cytoskeleton. As suggested by others ([@b4]; [@b17]), this recycling may be ongoing locally at membrane level, providing fresh integrin, in this case LFA-1, for new adhesions that are formed as the T cell advances.

Reduction in Rap2 expression through siRNA knockdown disrupts LFA-1 intracellular trafficking causing a decrease in the pool of internalized LFA-1, but without disturbing the total level of LFA-1. As the majority of this reduced level of internalized LFA-1 is neither in extended nor high affinity conformation and detected with a pan-LFA-1 mAb, it must by default be in the bent, inactive conformation of LFA-1. However, Rap2 also controls the correct trafficking of a subset of LFA-1 that is in the extended conformation and this LFA-1 forms an increased proportion of intracellular pool of LFA-1 when the level of Rap2 is reduced. Thus by slowing down LFA-1 recycling, Rap2 knockdown causes both accumulation of the extended form of LFA-1, but also a decrease in total intracellular LFA-1. An explanation is that Rap2 is involved in two recycling pathways, dealing separately with the intracellular transport of inactive, bent LFA-1 and extended KIM127-expressing LFA-1. Distinct recycling of active and inactive α1 integrins has been observed in carcinoma cell lines ([@b1]). It is also possible that Rap2 is responsible for the deactivation of LFA-1, mediating its conversion from extended to inactive bent form.

In conclusion we have highlighted a role for the GTPase Rap2 in regulating the recycling of at least two conformations of LFA-1 and that this activity is important for the random migration of T cells on ICAM-1. As both Rap2 and Rap1 have apparently separate roles in LFA-1 recycling, future effort should be directed towards characterizing the full heterogeneity of the endosomal vesicles involved in LFA-1 recycling and uncovering their distinct functions. The fact that the extended conformation of LFA-1, but not the high affinity form, was found intracellularly suggests that the turnover by T cells of these two LFA-1 conformations differs mechanistically. Thus the findings imply that the regulation of other forms of LFA-1 might occur potentially by alternative forms of recycling.

Materials and Methods {#s4}
=====================

Monoclonal antibodies and other reagents {#s4a}
----------------------------------------

The following mAbs were used: Rap2, Rap1 and EEA1 mAbs (BD Transduction Labs, Oxford Science Park, Oxford, UK); pan-LFA-1 mAb 38 (CD11a), LFA-1 activation mAbs KIM127 (CD18 extension reporter) and 24 (CD18 activation reporter) ([@b35]), mAb 67 (DAF, CD55) ([@b19]) all prepared at CR UK, LRI; DM1A (α-tubulin) (Sigma--Aldrich Ltd, Gillingham, Kent, UK); H68.4 (transferrin receptor) (Cambridge BioScience, Cambridge, UK); RAPL mAb B6.4 was a generous gift from Dr Tatsuo Kinashi, Kansai Medical School, Japan. Secondary antibodies used were Zenon AlexaFluor488 anti-mouse IgG2a, Zenon AlexaFluor546 anti-mouse IgG1, AlexaFluor488 anti-rat IgG and AlexaFluor546 anti-mouse IgG (Molecular Probes/Life Technologies Ltd, Paisley, UK). ICAM-1Fc was prepared as previously described ([@b33]; [@b35]).

T cell culture and transfection {#s4b}
-------------------------------

Peripheral blood mononuclear cells were prepared from single donor leukocyte buffy coats (National Blood Service, Tooting, UK) and dealt with according to the local CR UK Ethics Committee regulations. T cells were expanded as previously described and used between days 10 and 14 ([@b32]). The human T lymphoblast CD3^−^ T cell line, HSB2 isolated from an acute lymphoblastic leukemia source (ATCC number CCL-120.1, known as CCRF-HSB-2 or HSB2) was maintained in RPMI 1640/10% FCS ([@b38]).

HSB2 T cells were washed in OptiMEM + GlutaMAX (Life Technologies, Paisley, UK) and 2×10^7^ cells were electroporated using a Gene Pulser with Capacitance Extender (Bio-Rad UK, Hemel Hempstead, UK) set at 960 µF and 260 mV. Rap2 knockdown siRNAs for Rap2A, Rap2B and Rap2C (Dharmacon smart pools for Rap2A, gene ID 5911, Rap2B, gene ID 5912 and Rap2C, gene ID 57826) and control siRNA, si*CONTROL* Non-targeting smart pool, (Dharmacon, Inc., ThermoFisher Scientific, Loughborough, UK) were all used at 200 nmol. Transfected cells were maintained for 72 h in RPMI 1640 with 10% FCS. The efficiency of siRNA knockdown was evaluated by Western blotting using Rap2 mAb and α-tubulin mAb serving as a sample loading control.

LFA-1 internalization and re-exposure assay {#s4c}
-------------------------------------------

The protocol used was adapted from Fabbri et al. ([@b10]). Glass coverslips (32 mm) were coated with 3 µg/ml ICAM-1Fc in PBS at 4°C overnight then blocked with 2.5% BSA. To biotinylate membrane proteins, washed T cells were re-suspended in 0.5 mg/ml EZ-link sulpho-NHS-SS-biotin (21331, Pierce, ThermoFisher Scientific, Loughborough, UK) at 2.5×10^7^ cells/ml and incubated on ice for 1 h. After washing, 4×10^6^ T cells in HBSS buffer were added to each ICAM-1-coated coverslip. Primaquine diphosphate (PQ) (160393, Sigma--Aldrich Ltd) at 40--500 µM was added and the cells incubated for 30 min at 37°C to allow adhesion and internalization of receptors. To remove membrane bound biotin, freshly made cold reduced glutathione buffer (46 mM glutathione, 75 mM NaCl, 1 mM EDTA, 1% BSA, 75 mM NaOH) was added and the cells incubated on ice for 30 min. Controls for biotinylation of total LFA-1 were incubated in PBS. To investigate re-exposure of LFA-1 on the cell surface, after reduction and removal of membrane biotin with glutathione buffer, the T cells were placed onto new ICAM-1-coated coverslips and incubated at 37°C for 20 min and then treated on ice for 30 min with cold PBS to detect total biotinylated LFA-1 or with glutathione buffer as above to detect only intracellular biotinylated LFA-1.

To detect biotinylated LFA-1, T cells were lysed with a standard cell lysis buffer containing 0.2% NP40 and protease inhibitors for 20 min. Following centrifugation, mAbs were added to the supernatant and incubated at 4°C for 2 h followed by addition of protein A sepharose (Sigma--Aldrich Ltd) and further incubation at 4°C for 1.5 h. The bound protein samples were then washed 5 times and non-reducing gel sample buffer added prior to SDS-PAGE on 4--12% NuPAGE gels (Life Technologies Ltd). Proteins were transferred to nitrocellulose (GE Healthcare, Chalfont St Giles, UK) and blocked with 5% milk powder in PBS/0.1% Tween 20. To reveal biotinylated LFA-1, the blot was incubated with ECL streptavidin-HRP conjugate (RPN1231, GE Healthcare) in PBS/0.1% Tween 20 for 1 h, washed 3× and treated with ECL reagent (GE Healthcare) before exposure to film. A set of samples was probed with α-tubulin mAb (Sigma--Aldrich Ltd) followed by anti-mouse IgG-HRP Ab (GE Healthcare) to check for equivalent cell loading between samples. Films were scanned and the band densities analyzed using ImageJ software.

Video microscopy {#s4d}
----------------

Thirty-five mm glass bottom microwell dishes (MatTek Corp., Ashland, Mass, USA) were coated at 4°C overnight with 3 µg/ml ICAM-1Fc, then blocked with 2.5% BSA. 4×10^5^ HSB-2 T cells per dish were allowed to settle for 10 min before filming. PQ was added immediately before imaging. Images were taken at intervals of 15 sec using a Nikon Diaphot 300 microscope and AQM^2001^ Kinetic Acquisition Manager software (Kinetic Imaging Ltd., Bromborough, UK). Cells were tracked over 240--480 frames corresponding to 40 min using Motion Analysis software (Kinetic Imaging Ltd.) and the data analyzed using a Mathematica notebook (Wolfram Research Europe Ltd, Long Hanborough, UK) developed by Daniel Zicha (CR UK, London). The migration data are depicted using box-and-whisker plots.

Confocal microscopy {#s4e}
-------------------

Glass coverslips (13 mm) were coated with ICAM-1Fc as for video microscopy. Washed T cells were added to coated coverslips (2×10^5^ cells/coverslip) for 30 min. Adherent cells were fixed with 3% paraformaldehyde (Sigma--Aldrich Ltd) in Pipes buffer (pH 8) for 5 min at RT and then in 3% paraformaldehyde in sodium tetraborate (pH 11, Sigma--Aldrich Ltd) for 10 min. Cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min on ice. Autofluorescence was quenched using 1 mg/ml sodium tetraborate (pH 8) for 15 min and the cells were blocked with 5% BSA in PBS for 45 min. Coverslips were incubated with primary mAbs for 30 min, followed by AlexaFluor488-goat anti-mouse IgG or AlexaFluor546-goat anti-rat IgG (Life Technologies Ltd) for 20 min. Alternatively coverslips were incubated for 30 min with Zenon AlexaFluor anti-mouse IgG1 or IgG2a labeled primary mAbs and then fixed for 15 min with 4% paraformaldehyde in PBS. Images were acquired using a Zeiss Laser Scanning LSM 710 Microscope.

The extent of co-localization of different markers was analyzed using Image J software and JACoB analysis. Co-localization was measured using the Manders\' coefficient to evaluate the overlap in fluorescence of Rap2 with other markers ([@b3]).

Statistical analysis {#s4f}
--------------------

The migration assays are presented as the mean ± s.e.m. The unpaired Student\'s *t* test was performed using GraphPad Prism software version 4 for Macintosh computers. The following significant differences are as indicated: \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.
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